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Introduction

24
Circadian clocks evolved as an adaptation to the continuous change of day and night and are 25 believed to provide organisms a fitness advantage. The underlying molecular machinery 26 includes a transcriptional-translational feedback loop, which generates oscillations of clock 27 gene expression with an endogenous period close to 24 hours (circa=about; dies=day) 28 (Hardin, 2011 ). This period is approximately 24.2h in humans, whereas a Drosophila period 29 was reported to be 23.8h (Czeisler et al., 1999; Dubowy and Sehgal, 2017) . A key feature of 30 circadian clocks is the ability to entrain to the 24h environment. This means that the human 31 clock has to be accelerated by about 0.2h each day, whereas this Drosophila clock has to be 32 slowed down to the same extent. To do so, clocks must integrate external cues, so called 33 zeitgebers, which are used to synchronize the molecular and physiological properties of the 34 organism (Golombek and Rosenstein, 2010) .
35
The most important zeitgeber is light. In mammals, a combination of the traditional 36 photoreception pathway (rods and cones) and the circadian photoreceptor melanopsin in 
Stanewsky et al., 1998). CRY-mediated entrainment is well understood in Drosophila,
41
whereas less is known about the mechanism of entrainment via the visual system. It consists receive light input and release PDF upon illumination, thereby adjusting their downstream 66 target neurons to the LD cycle (Yoshii et al., 2016) .
67
To investigate the impact of the visual input pathway at the behavioral and neuronal peak, which reduces the potentially harmful impact of hot summer days (Rieger et al., 2003) .
74
Previous experiments implicated the visual system in long day adaptation: Flies lacking the 75 compound eyes fail to appropriately adjust their peak timings (Rieger et al., 2003) . It is still 76 unknown however which receptors and which neuronal pathways are involved in this 77 adjustment.
78
Here we show that R8 of the compound eyes is essential for long day adaptation. 
Material and Methods
88
Fly strains and rearing
89
The following fly lines were used in this study: CantonS, w 1118 , cli eya (Bonini et al., 1993) 
Fly line generation
124
We generated a UAS-PDFRg fly line following the protocol of (Port and Bullock, 2016 
148
Retina staining: 2-6 days old male flies were fixed for 2h 30 min in 4% PFA in PBST at RT.
149
After washing 5x 10 min each with PBST, retinas were dissected in PBST and blocked in 5% 
154
After washing 5x 10min each in PBST, retinas were mounted on glass slides using
155
Vectashield (VECTOR LABORATORIES INC., Burlingame, CA, USA) mounting medium.
156
Imaging: All images were obtained using either a Leica SPE or a Leica SP5 confocal 157 microscope. All brains/retinas were scanned using sections of 2 um thickness. Contrast and 158 brightness were adjusted using FIJI and Photoshop CS5 extended. 
Expansion Microscopy
163
For expansion microscopy we applied the Pro-ExM protocol described in (Chen et al., 2015) 164 as modified in (Guo et al., 2018 with H2O. We generated the brain images using the Zeiss LSM 880 confocal microscope 173 using z-stacks of 1 um. Image acquisition was performed using FIJI. 
Results
179
The compound eyes are essential for long day adaptation
180
The locomotor activity of flies is controlled by their clock neuron network, which causes a 1G), we focus on E peak timing as a surrogate for phase.
193
To investigate the effect of the compound eyes on long day adaptation, we used cli peak, comparable to flies lacking the whole compound eyes ( Fig. 2A and 2B ). These data 216 suggest that the inner photoreceptors are necessary to mediate long day adaptation.
217
To narrow down the phenotype to a specific inner receptor cell, we monitored the Fig. 2A and 2B ). This suggests that the rhodopsins of R8 are necessary for WT E peak 222 timing under long photoperiods.
223
To further confirm the importance of R8 we combined rh5-GAL4 and rh6-GAL4 and 224 either silenced these two cell types using UAS-Kir2.1 or ablated the cells using UAS-HID.
225
Immunohistochemistry shows strong specificity of the combined GAL4 lines and a advance in E activity, confirming an important role for this photoreceptor cell. We further 229 silenced or ablated R7 using a combination of rh3-GAL4 and rh4-GAL4. As expected, there is 230 no effect on E peak timing, confirming the rhodopsin mutant approach data (Suppl. Fig. 2 ).
231
As an early E peak might represent a "fast" clock, we monitored the behavior of all 232 mutants in constant darkness ( Fig. 3B and 3C ). Knockdown only in sLNv using R6-GAL4 does not advance the 256 timing of the E peak. In contrast, knockdown in lLNvs using c929-GAL4 completely 257 reproduces universal PDF knockdown ( Fig. 3B and 3C ) indicating that PDF from the lLNvs 258 is necessary for proper E peak timing under long day conditions.
259
To address if lLNv-derived PDF is also sufficient for WT behavior, we expressed 260 PDF in the lLNvs using c929-GAL4 in the pdf 01 null mutant background (Fig. 3E ). The 
273
To determine, whether lLNv-derived PDF could communicate with the E cells in that 274 area, we expressed synaptic markers in the E cells. This was done using a recently identified strong synaptic marker staining in the dorsal brain ( Fig. 4A-4D ). In the accessory medulla 278 however, we found only weak staining of dendritic and axonal markers. To further illuminate 279 the nature of these E cell fibers, we employed expansion microscopy and focused on this 280 area. The much better resolution indicates that the accessory medulla is indeed densely
281
innervated by E cell fibers, both synaptic as well as dendritic markers (Fig. 4E-4H phenotype, we employed a cell-specific CRISPR/Cas9 strategy with the GAL4/UAS system.
292
We generated an UAS-PDFRg line, expressing three independent guides, each targeting the 
298
We then applied the same strategy to long photoperiods. Knocking out PDFR in most 299 clock cells using clk856-GAL4 reproduced the early E peak phenotype seen in eyes absent 300 and pdf 01 flies, further indicating that PDF signaling within the clock network is essential for 301 long day adaptation ( Fig. 5A and 5B). Knocking out PDFR in E cells using Mai179-GAL4 . Fig. 4) .
306
Due to a lack of specific driver lines, a previous study implicated E cell PDFR in long day CantonS flies at equinox and long day conditions. The M peak is tightly coupled to lights-on.
409
It shows a tendency to delay with increasing day-length, which is not significant with a M peak around lights on and an E peak uncoupled from lights-off. 
460
Similarly, knockdown of PDF using RNAi in both, the sLNvs and lLNvs significantly 461 advanced E peak timing (p=0.001 for both controls). Knockdown of PDF in the sLNvs using 462 R6-GAL4 had no effect on E peak timing (p=0.899 for both controls), whereas the 463 knockdown in lLNvs using c929-GAL4 significantly advanced E peak timing (p=0.001 for GAL4>Syt-GFP Den-RFP flies in the accessory medulla (aMe) using expansion microscopy.
480
The aMe is densely innervated by E-cells, which express synaptic (green, E) and dendritic Suppl Figure 4 Knockout of PDFR using mai179-GAL4 has no effect on DD behavior A
537
Percentage rhythmic flies in DD. All genotypes show high percentage of rhythmicity (>90%).
538
B Free-running period in DD. There is no effect on period length. 
